This study examines molecular and morphological differentiation in Phryma L., which has only one species with a well-known classic intercontinental disjunct distribution between eastern Asia (EA) and eastern North America (ENA). Phylogenetic analysis of nuclear ribosomal ITS and chloroplast rps16 and trnL-F sequences revealed two highly distinct clades corresponding to EA and ENA. The divergence time between the intercontinental populations was estimated to be 3.68 6 2.25 to 5.23 6 1.37 million years ago (mya) based on combined chloroplast data using Bayesian and penalized likelihood methods. Phylogeographic and dispersal-vicariance (DIVA) analysis suggest a North American origin of Phryma and its migration into EA via the Bering land bridge. Multivariate analysis based on 23 quantitative morphological characters detected no geographic groups at the intercontinental level. The intercontinental populations of Phryma thus show distinct molecular divergence with little morphological differentiation. The discordance of the molecular and morphological patterns may be explained by morphological stasis due to ecological similarity in both continents. The divergence of Phryma from its close relatives in the Phrymaceae was estimated to be at least 32.32 6 4.46 to 49.35 6 3.18 mya.
Patterns of intercontinental disjunction in the northern hemisphere usually involve four well-known areas, eastern Asia (EA), eastern North America (ENA), western North America (WNA), and Europe (Milne and Abbott, 2002; Donoghue and Smith, 2004) . The EA-ENA disjunction is a well-known classic biogeographic pattern (Li, 1952) that has received considerable attention in the last decade (Xiang et al., 1996 (Xiang et al., , 1998 (Xiang et al., , 2000 Wen, 1999 Wen, , 2001 Manos and Donoghue, 2001) . Morphological similarity has been observed in many disjunct species, and some were originally described as a single intercontinental species with distributions in both EA and ENA (Halenius, 1750; Li, 1952) . Parks and Wendel (1990) reported a high level of allozyme and cpDNA divergence in the morphologically similar Liriodendron chinense (Hemsl.) Sargent from EA and L. tulipifera L. from ENA. Molecular and fossil data suggest a divergence time for the two species of 10-16 million years ago (mya). This longterm morphological stasis observed in Liriodendron was subsequently proposed for the EA and ENA species of Aralia sect. Dimorphanthus (Wen, 2000) , Liquidambar (Hoey and Parks 1991; Shi et al., 1998) , Magnolia sect. Rytidospermum (Qiu et al., 1995a, b) , and Osmorhiza (Wen et al., 2002) . Morphologically similar species from these two areas in Aralia, Magnolia, and Osmorhiza form paraphyletic or polyphyletic groups, suggesting that the morphological similarities in these groups may be attributable to symplesiomorphy or convergence, respectively (Wen, 1999 (Wen, , 2001 . Most of the studies on species with disjunct distributions in these two areas have focused on estimating phylogenetic relationships among EA and ENA taxa and estimating divergence times, yet few have rigorously analyzed patterns of morphological variation among the disjunct taxa.
Phryma L. is distinctive in having a pseudomonomerous gynoecium (two-carpellate with one carpel reduced developmentally) . It has a synsepalous calyx with three upper lobes subulate and hooked and a one-seeded achene enclosed in an accrescent calyx (Thieret, 1972; Chadwell et al., 1992) . The familial placement of Phryma has been controversial, having been placed in Scrophulariaceae, Acanthaceae, Lamiaceae, Verbenaceae, and its own monotypic family Phrymaceae (Holm, 1913; Engler and Prantl, 1936; Rao, 1952; Hutchinson, 1959; Thieret, 1972; Whipple, 1972; Dahlgren, 1980; Cronquist, 1981; Takhtajan, 1987; Lu, 1990; Chadwell et al., 1992) . Phrymaceae has recently been recircumscribed to include six genera previously placed in tribe Mimuleae (Berendtiella, Hemichaena, Lancea, Leuco-carpus, Mazus, and Mimulus), Phryma, Elacholoma, Glossostigma, Microcarpaea, and Peplidium based on chloroplast trnL-F and nuclear ribosomal ITS and ETS sequence data Beardsley and Barker, 2005) . , however, questioned the placement of Lancea and Mazus in Phrymaceae sensu .
Phryma is one of a few monotypic and taxonomically isolated genera with a high level of morphological similarity in intercontinental populations (Li, 1952; Hara, 1969; Thieret, 1972; Whipple, 1972; Ramana et al., 1983) . In flowering plants, only Phryma leptostachya L. and Toxicodendron radicans (L.) Kuntze include disjunct intercontinental populations in both EA and ENA that are considered to be varieties or subspecies of the same species. Hara (1966) pointed out that disjunct populations of Phryma were identical in most morphological features, cytology, and ecological habitats, such as flowers erect in bud but later spreading or becoming deflexed, equal numbers of chromosomes (2n ¼ 28; Löve and Löve, 1982; Rudyka, 1995; Sun et al., 1996) , and similar habitats of deciduous or mixed forests. Plants from the two different regions differ slightly in leaf size, shape of upper lip of the corolla, and length of the upper spinulose calyx-lobes (Hara, 1962 (Hara, , 1966 (Hara, , 1969 Li, 2000) . The EA and ENA populations were thus generally treated as two varieties (Hara, 1966; Thieret, 1972) or subspecies (Kitamura and Miurata, 1957; Li, 2000) of a single intercontinental disjunct species. Recent molecular studies (Lee et al., 1996; Xiang et al., 2000; detected substantial molecular divergence between the two intercontinental varieties. However, in all previous studies, either only one population was sampled from each continent or the focus was on its systematic position in the Lamiales (Wagstaff and Olmstead, 1997) . Comparisons based on a broad sampling scheme from both continents are needed to better understand the phylogeographic structure of Phryma. Furthermore, the morphological differentiation between EA and ENA populations has never been examined with quantitative measurements of multiple morphological characters.
Two previous studies estimated the divergence times for the disjunct Phryma varieties using a general molecular clock. Lee et al. (1996) reported the divergence time to be over 20 mya using allozymes data and 12.35 mya using ITS sequences. Xiang et al. (2000) estimated the divergence times for several disjunct taxon pairs with rbcL sequence data and a molecular clock calibrated with Cornus fossils. They estimated that the two varieties of Phryma diverged about 5.85 6 2.66 mya. It is necessary to test the previous estimates using the newly developed methods for estimating divergence times within a phylogenetic framework of Phryma and its close relatives. We herein employ both Bayesian dating (Thorne et al., 1998; Thorne and Kishino, 2002) and the penalized likelihood (Sanderson, 2002 (Sanderson, , 2003 approaches to estimate the timing of the intercontinental disjunction in Phryma.
The objectives of this study are to (1) assess molecular divergence and estimate the divergence time between disjunct populations of Phryma, (2) document the morphological similarity and differentiation of intercontinental populations, (3) examine the phylogeographic structure of Phryma in both continents, and (4) reconstruct the biogeographic history of Phryma between EA and ENA.
MATERIALS AND METHODS
Molecular analysis-Sequences from 22 accessions of Phryma and three related taxa were used in the study ( Fig. 1 ; Appendix 1). Genomic DNA was extracted from 15 mg of dried leaf material using the modified CTAB method of Doyle and Doyle (1987) . The nuclear ribosomal ITS and the chloroplast trnL-F regions (including the trnL intron and the trnL-trnF spacer) and the rps16 intron were used, because a large number of sequences were already available for the Lamiales in GenBank to enable our biogeographic analysis in the phylogenetic framework of the Lamiales. The ITS and trnL-F regions were amplified and sequenced following , and the rps16 intron sequences were obtained according to the protocol in Nie et al. (2005) . Sequences were aligned with ClustalX, version 1.83 (PC version, Thompson et al., 1997) , followed by manual adjustments.
Phylogenetic analyses were performed using maximum parsimony (MP), maximum likelihood (ML), and Bayesian inference (Rannala and Yang, 1996) . Mimulus aurantiacus and Lancea tibetica of Phrymaceae were used as outgroups because they are close relatives of Phryma in the recircumscribed Phrymaceae . Because of the relatively small number of terminals included in this analysis, the branch and bound search algorithm was used with PAUP* version 4.0b10 (Swofford, 2003) . Gaps were scored as missing data. Bootstrap values (BV) are based on 1000 replicates using parsimony and the branch and bound search algorithm (Felsenstein, 1985) . The appropriate model of DNA substitution for the maximum likelihood analysis was determined using Modeltest, version 3.6 (Posada and Buckley, 2004) . Once the best-fit model was determined, maximum likelihood searches were performed for the data set with a heuristic research, each with 10 random sequence additions. Bayesian inference was conducted using MrBayes, version 3.0 (Huelsenbeck and Ronquist, 2001) with the model as estimated previously. The MCMC algorithm was run for 2 000 000 generations with four incrementally heated chains, starting from random trees and sampling one of every 100 generations. The first 2000 to 5000 trees were discarded as burn-in, depending on when chains appeared to have become stationary, and the remaining trees were used to construct Bayesian consensus trees. Internodes with posterior probabilities !95% in the consensus trees were considered statistically significant.
The incongruence length difference (ILD) test (Farris et al., 1994 , as implemented in PAUP*) of ITS vs. combined chloroplast rps16 and trnL-F regions was used to assess potential conflicts between the phylogenetic signal from different genomes. For each test, 100 replicates were analyzed with heuristic search, each with 10 random sequence additions.
Biogeographic analysis-We used the ML tree generated from combined rps16 and trnL-F data to estimate the divergence time of Phryma between EA and ENA with 41 taxa sampled from the Lamiales. Sequences of 36 species were obtained from GenBank (Appendix 2). We sequenced the rps16 intron and the trnL-F region for Catalpa fargesii Sweet, Chilopsis linearis Bur., and Macrocatalpa of the Bignoniaceae because only one species of Catalpa was previously sequenced and the additional sampling enabled us to use Catalpa fossils as alternative calibration point for estimating the divergence times. A few taxa were coded with missing data in the rps16 intron region because fewer sequences of the region were available for the Lamiales. Phrymaceae were well sampled with diverse representatives of Mimulus as well as other members of the family including Hemichaena, Berendtiella, Leucoparus, Peplidium, Lancea, and Mazus based on the phylogeny in .
A likelihood ratio test (Felsenstein, 1988) was carried out to test whether the two chloroplast markers evolved in a clock-like fashion. This test resulted in P , 0.05, suggesting that rate constancy in this data set was not supported. We therefore used both Bayesian dating (Thorne et al., 1998; Thorne and Kishino, 2002) and penalized likelihood (PL, Sanderson, 2002) to estimate divergence times.
Bayesian dating is based on the assumption that simultaneous analysis of several gene loci with multiple calibrations will overcome not only the often weak signal in single data sets but also violations of the clock in each of the individual partitions (Thorne et al., 1998; Thorne and Kishino, 2002; Yang and Yoder, 2003) . It uses a probabilistic model to describe the change in evolutionary rate over time and uses the MCMC procedure to derive the posterior distribution of rates and time. It allows multiple calibration windows and provides direct standard deviations and credibility intervals for estimated divergence times and substitution rates. The procedure we followed is divided into three different steps and programs and is described in more detail in a stepby-step manual available at website http://www.plant.ch/software.html. In the first step, we used the ''baseml'' program in the PAML package, version 3.14 (Yang, 1997) , and the F84 þ G model (Kishino and Hasegawa, 1989) to estimate base frequencies, transition/transversion rate kappa, and the alpha shape parameter (five categories of rates). Then, by using these parameters, we estimated the maximum likelihood of the branch lengths of the rooted evolutionary tree together with a variance-covariance matrix of the branch length estimates using the program Estbranches (Thorne et al., 1998) . The maximum likelihood scores obtained in baseml and Estbranches were then compared to determine if both approaches were able to optimize the likelihood. The program Multidivtime (Thorne and Kishino, 2002) was used to approximate the posterior distributions of substitution rates and divergence times by using a multivariate normal distribution of estimated branch lengths and by running a MCMC procedure following data-dependent settings in the multidivtime control file. The following prior distributions were used in these analyses: 100 mya (SD ¼ 50 mya) for the expected time between tip and root if there were no constraints; 0.008 (SD ¼ 0.004) substitutions per site per million year for the rate of the root node, based on the calculation by dividing the median distance between the ingroup root and the ingroup tips obtained from Estbranches by the time unit; 0.02 (SD ¼ 0.02) for the parameter that determines the magnitude of autocorrelation per million years; and 100 mya for the largest value of the time unit between the root and the tips. We repeated each analysis twice to assure that Markov chains were long enough to converge.
The PL method is a semiparametric approach using rate smoothing to allow for robust estimation of node ages in the presence of rate variation between lineages (Sanderson, 2002) . Ages of nodes in the tree were estimated using penalized likelihood rate smoothing under a truncated newton algorithm with the program r8s, version 1.60 (Sanderson, 2003 ; available at http://ginger. ucdavis.edu/r8s). A cross-validation analysis was performed to obtain the most likely smoothing parameter. Standard deviations (SD) associated with divergence times were calculated using nonparametric bootstrapping (Baldwin and Sanderson, 1998) , repeating the dating procedure 100 times with 100 topologically identical trees with varying branch lengths obtained from 100 bootstrap matrices, the latter were generated using the program Seq-Gen, version 1.2.7 (Rambaut and Grassly, 1997) . The divergence times were estimated on each tree as described and the resulting ages were used to calculate the variance in divergence time estimates.
Only a few fossils are reported for the Lamiales (Manchester, 1999) . Fossils of Fraxinus L. (Oleaceae) are known from the Eocene Claiborne Formation of southeastern North America (Call and Dilcher, 1992) and have been recorded from the Oligocene (Meyer and Manchester, 1997) and the Miocene of the Pacific Northwest (Chaney and Axelrod, 1959) . The oldest reliable Fraxinus fossil is from the late Eocene of North America (Magallón-Puebla et al., 1999; Manchester, 1999) . Seeds of Catalpa have been reported from the early Oligocene of Oregon (Meyer and Manchester, 1997; Manchester, 1999) . Because the fossil seeds are smaller than those of the extant Catalpa, its assignment to the genus may be questionable, but they certainly belong to Bignoniaceae (S. Manchester, University of Florida, Gainsville, personal communication). The oldest reliable Bignoniaceae fossil is a fruit with seeds from the late early Eocene of Washington State (Wehr and Hopkins, 1994; Pigg and Wehr, 2002; Wolfe et al., 2003) . We constrained the Bignoniaceae node (node A in Fig. 2 ) with the minimum age as 49.4 mya (see Wehr and Hopkins, 1994; Wolfe et al., 2003) . Alternatively, the Catalpa-Macrocatalpa node (node B in Fig. 2 ) was also constrained to a minimum age of 35 mya. The FraxinusOsmanthus node (node C in Fig. 2 ) was constrained to a minimum age of 37 mya. Because root age in the PL method is required, the Lamiales clade was assigned to be 74 or 97 mya based on the estimates by Wikström et al. (2001) and Bremer et al. (2004) , respectively, to provide a range of estimation despite these estimates were arguable with limitations, such as the relatively poor calibrations.
We used dispersal-vicariance (DIVA) analysis (Ronquist, 1997) to infer the biogeographic diversification of Phryma and its close relatives on a tree estimated using combined ITS, ETS, and trnL-F data from taxa previously analyzed by , , and Beardsley and Barker (2005) . We were especially interested in inferring the ancestral area of the intercontinentally disjunct Phryma (Asia or North America or another area). Six areas of endemism were circumscribed according to the (Ronquist, 1996) .
Morphological analysis-A total of 116 herbarium specimens from A, CAS, CDBI, F, KUN, PE, and US was measured in our analysis. This sampling scheme covered the entire distributional range of Phryma in both EA and ENA (Appendix 3). Only specimens with leaves, flowers, and fruits were measured in our study.
Phryma plants from EA and ENA are very similar morphologically (Hara, 1962) . Plants from the two geographic regions may vary in the shape, size, and pubescence of leaves, and in some floral characters, such as the shape of upper lip of the corolla, and length of the upper spinulose calyx-lobes (Li, 2000) . Characters used in our study were selected based on the variations enumerated by Hara (1962 Hara ( , 1966 Li, 2000) and our examinations of herbarium specimens. Twenty-three quantitative characters were measured, including nine leaf characters, 10 on flowers or inflorescences, three on fruits, and one on stems.
Length and width were measured to the nearest millimeter from each specimen. One mature leaf approximately two to four nodes down from the inflorescences was measured from each specimen. Fully opened flowers near the top of the inflorescence and mature fruits near the bottom of the infructescence were measured on characters including the length of upper lip split of corolla, length of upper calyx lobes, and length and width of calyx tube and fruit. The pubescence on leaves and stems was documented (such as the number of hairs/ 0.25 cm 2 on lower leaf surface) under a Zeiss dissecting microscope (see Table  2 ).
One-way analysis of variance (ANOVA) was used to analyze the variance for each quantitative character with their distribution of EA and ENA as the grouping criterion using the computer program Minitab (version 12.23, Minitab, State College, Pennsylvania, USA). Dendrograms based on all specimens were produced by NTSYSpc, version 2.02h (Rohlf, 1998 ; Exeter Software, New York, New York, USA). Averages for each character were standardized to eliminate the effects of different scales of measurement using the default STAND procedure in NTSYSpc. Similarity matrices were prepared using the Jaccard's similarity coefficient. The cluster analysis was performed Fig. 2 . Chronogram of Phryma and close relatives of the Lamiales based on the maximum likelihood tree of combined rps16 and trnL-F data. Divergence times are shown using the Bayesian approach with internal minimum age constraints enforced (nodes A, B, and C are calibrating points and were constrained to 49.4, 35, and 37 mya, respectively based on fossils; nodes 1 and 2 are points of biogeographic interest with divergence times estimated in this study).
on the similarity matrix employing the unweighted pair-group arithmetic averages (UPGMA) algorithm (Sneath and Sokal, 1973) .
Principal components analysis (PCA) was used to detect morphological variation between different populations and to analyze relationships between characters. PCA can help reveal unexpected relationships among a large number of variables into two or three new uncorrelated variables so that they retain most of the original information. The measurements for each character were also standardized to eliminate the effects of different scales of measurements for different characters. Similarity matrices using the Jaccard's similarity coefficient were then generated. Eigenvalue and eigenvector matrices were calculated from the similarity matrix. The standardized data were projected onto the eigenvectors of the correlation matrix and represented in a two-dimensional scatter plot. Plots of samples in relation to the first three principal components were constructed with populations designated as EA or ENA distribution. PCAs were also performed in NTSYSpc.
RESULTS
Molecular analysis-The ITS region ranged from 612 to 614 base pairs (bp) for all the populations of Phryma. The ITS-1 region had 16 variable nucleotide sites and one deletion within Phryma, and ITS-2 had eight variable sites and one deletion. The 5.8S rRNA gene was invariant among all populations sampled. Sequence alignment produced a data matrix of 627 aligned positions with Mimulus aurantiacus and Lancea tibetica as outgroups. A total of 841 bp of the rps16 intron were obtained for all populations of Phryma. There was no length variation and only 11 nucleotide substitutions were detected. The trnL-F sequences ranged from 839 to 845 bp with two nucleotide substitutions and one deletion. Results of the partition homogeneity test for ITS vs. rps16 and trnL-F showed that none of the data sets were significantly different from random pairwise partitions of the data. Therefore, we combined both the nrDNA and cpDNA data in subsequent analyses. In the combined ITS, rps16, and trnL-F data (2402 aligned positions) with M. aurantiacus and L. tibetica as outgroups, 338 sites were variable, 98 of which were parsimony-informative. Two most parsimonious trees (MPTs) were generated with a length of 396 steps, a consistency index (CI) of 0.97 (CI excluding uninformative characters ¼ 0.90), a retention index (RI) of 0.96, and a rescaled consistency index (RC) of 0.92. The strict consensus and ML trees resulting from the combined data with bootstrap support and posterior probabilities is shown in Fig. 1 . The phylogenetic analysis recovered two highly distinct clades within Phryma corresponding to ENA (BV ¼ 100%) and EA (BV ¼ 98%). In the EA clade, accessions from southwestern China (EA1, EA2, EA5, and EA10) and central and eastern China (EA6, EA7, EA8, and EA9) form two subclades. The populations from northeastern China (Jilin province, EA3), and Japan (EA11 and EA14) form a basal position (Fig. 1) . Pairwise distances among populations of Phryma were estimated and ranged 3.11-4.41% in the ITS sequences between EA and ENA populations. Intracontinental variation ranged 0-1.63% in the EA clade and 0-0.65% in the ENA clade. No sequence differentiation was detected in populations between EA1 and EA5 from Yunnan, China and between EA4 (Jilin of China) and EA13 (Honshu of Japan) in EA. Accessions of ENA2, ENA4, ENA6, ENA7, and ENA8 from ENA are identical in ITS sequence profiles. The combined rps16 and trnL-F data had a similar pattern of variation, but the variation was lower (0.54-0.71%) between the two continents.
Biogeographic analysis-Similar results from both Bayesian and PL divergence-time estimation using the concatenated cpDNA data are shown in Table 1 and Fig. 2 . Bayesian dating estimates the minimum divergence time between the two intercontinental disjunct populations of Phryma as 3.68 6 2.25 or 3.93 6 2.46 mya (node 1 in Table 1 and Fig. 2) , which yields time estimates in the late Tertiary (late Miocene to Pliocene). Using the smoothing value of 32 (root age ¼ 74) or 100 (root age ¼ 97) as obtained from the cross-validation procedure in the r8s program, the PL analysis suggested the minimum divergence time as 3.84 6 1.02 to 5.23 6 1.37 mya (Table 1 ). The split of Phryma and its sister group (sensu ) was estimated to have occurred at least 32.32 6 4.46 or 32.91 6 4.60 mya and 36.20 6 2.55 to 49.35 6 3.18 mya (node 2 in Table 1 and Fig. 2 ) with Bayesian and PL estimates, respectively. The DIVA analysis suggested the ancestral area of Phryma and its sister group to be North America (Fig. 3) , when the possible ancestral area was constrained to be two areas (the minimum allowable option). Under this constraint, populations of Phryma from EA are inferred to have dispersed from North America to EA via the Bering land bridge (Fig. 4) .
Morphometric analysis-Twenty-three characters were measured for 59 specimens from ENA and 57 from EA. Ten of the 23 quantitative characters are significantly different (P , 0.001) between the two intercontinental varieties (Table 2) . For example, leaves from the ENA samples were both longer (ENA ¼ 11.28 6 2.82 cm, EA ¼ 8.54 6 2.31 cm) and wider (ENA ¼ 5.90 6 1.62 cm, EA ¼ 4.25 6 1.22 cm) ( Table 2 ). The upper lobes of the calyx of the ENA plants are longer than those of EA at anthesis (ENA ¼ 2.22 6 0.34 mm, EA ¼ 1.81 6 0.36 mm) and at fruiting (ENA ¼ 2.58 6 0.42 mm, EA ¼ 2.27 6 0.35 mm). The upper lip of the corolla is subentire or emarginate in ENA plants, but it is always two-lobed in EA plants with a deeper split than the ENA plants (ENA ¼ 0.15 6 0.11 mm, EA ¼ 0.38 6 0.13 mm).
The first three principal components describe approximately 46.83% of the variation with eigenvalues of 4.66, 3.45, and 2.66. The first component accounts for 20.27% of the total variance, while the second component accounts for 15%. Characters contributing the most to the first component include leaf length and width, pubescence of upper and lower leaf surface, and teeth number on each side of the leaf. Characters contributing the most to the second component are calyx tube width, length of the upper lobe of calyx both at anthesis and at fruiting, and pubescence on the adaxial midvein of the upper leaf. The third component rests largely on inflorescence length, flower number per inflorescence, and number of teeth on the upper half of the leaf blade (on one side). Morphological differentiation between the Old and the New World accessions was found to be low in the multivariate analyses. Neither the PCA nor the UPGMA cluster analyses yielded distinct morphological groups corresponding to the two continents (Figs. 5 and 6 ). The PCA plots only showed a rough separation of the intercontinental populations with some overlapping.
DISCUSSION
Molecular divergence and phylogeography-The intercontinental populations of Phryma are generally recognized as a single species despite their wide geographic disjunction. Our molecular data indicate that the EA and ENA populations are well differentiated in terms of DNA sequence, though together they form an unambiguous clade. The combined sequences of ITS, rps16, and trnL-F data resolved two highly distinct monophyletic groups corresponding to the EA and ENA populations (Fig. 1) . The pairwise sequence divergence between the two varieties was higher than that among populations within each continent for all ITS, rps16, and trnL-F markers. For the ITS regions, we obtained sequence divergence between the two varieties of 3.11-4.41%; a similar divergence (4.46%) was observed by Lee et al. (1996) .
Based on our present sampling, the EA populations are more heterogeneous in ITS sequence variation than those in ENA (maximum divergence of 1.63% vs. 0.65%). The phylogeny based on DNA sequences revealed several geographic groupings within EA (Figs. 1 and 4) . The populations from southwestern China (Yunnan and Sichuan provinces, EA1, EA2, EA5, and EA10) form a clade. Those from central and eastern China (Chongqing, Gansu, and Zhejiang provinces, EA6, EA7, EA8, and EA9) also form a group. Three accessions from Japan are separated into two groups, two of them (EA11 from Kyoto and EA14 from Shikoku) together with EA3 from Jilin of China form a basal position to the rest of the Asian specimens, and the other one is identical to those from Korea and Jilin of China (EA12 and EA4 in Fig. 1 ). The population from Illinois (ENA1) is sister to the rest of the ENA clade. Populations from Alabama, Indiana, and Virginia (ENA3, ENA5, and ENA7) grouped together with relatively low bootstrap support (BV ¼ 55%, Fig. 1 ). However, no clear phylogeographic structure was detected among the ENA populations. The more pronounced sequence variation in EA Phryma may be due to higher amounts of geographic isolation resulting from the more heterogeneous topographies of EA (Wen, 1999) or to the extirpation of populations throughout much of the range in North America during recent glaciations. Our sampling in EA indeed included various terrains in three distinct regions: southwest China, Sino-Japanese Asia, and north-temperate Asia.
Ancient genus with relatively recent species disjunctionOur biogeographic analysis based on combined rps16 and trnL-F sequence data using both the Bayesian dating and penalized likelihood methods suggests the divergence time of Phryma populations between EA and ENA to be at least 3.68 6 2.25 to 5.23 6 1.37 mya, in the late Tertiary (Table 1) . Our analyses employed fossils from other taxa in the Lamiales as calibration points. Lee et al. (1996) reported the divergence time to be 12.35 mya (no estimate of error was provided by the authors) using ITS sequences with the nucleotide substitution rate of 3.9 3 10 À9 per site per year or about 18.5-24.6 mya based on isozyme data. Xiang et al. (2000) suggested that the divergence time between the two Phryma varieties was 5.85 6 2.66 mya based on rbcL sequences with a general molecular clock calibrated using fossils of Cornus. The ITS nucleotide substitution rate in Lee et al. (1996) was calibrated using the rate estimated from Dendroseris, a relatively distantly related taxon in the Asteraceae, which was based on the geological age of the Juan Fernandez islands (Sang et al., 1994 ). An indirect estimate without fossils, based on a distantly related group of oceanic-island plants, may have led to an underestimate of the nucleotide substitution rate by Lee et al. (1996) . I hate 3b2
Our analysis suggests an ancient origin of the stem-lineage leading to the genus Phryma, with the divergence time between Phryma and its sister group estimated as 32.32 6 4.46 to 49.35 6 3.18 mya (middle to the late Eocene, Table 1 ). The antiquity of Phryma was proposed by Hara (1966) based on its unique morphology. This finding is consistent with the hypothesis that the EA and ENA disjunct taxa are relicts of the temperate forests in the northern hemisphere that reached their maximum development during the Tertiary (Axelrod, 1975; Tiffney, 1985a; Manchester, 1999; Wen, 1999) . On the other hand, the intercontinental disjunction of the two varieties is herein suggested to be much more recent, originating in the late Tertiary (late Miocene-Pliocene). A similar pattern was reported for the Corylus disjunction between EA and North America (Whitcher and Wen, 2001) . Fossil data suggest an ancient origin of Corylus in the middle Eocene, yet the extant disjunct species had a relatively recent divergence in the late Tertiary (Whitcher and Wen, 2001 ).
Intercontinental migration-Our DIVA analyses supported the North American origin of Phryma and subsequent dispersal into EA (Fig. 3) . In Phrymaceae, Phryma and at least five other genera are nested within Mimulus sensu lato (Beardsley and leptostachya from eastern North America; * ¼ P. leptostachya var. asiatica from eastern Asia). Olmstead, 2002) . Mimulus has a center of diversity in WNA, only five species are from EA (Hong, 1983; . The genus shows a strong biogeographic connection between EA and North America with a clade of three Asian species derived from within a clade of WNA taxa that are found primarily in California and the Pacific Northwest . Also, the Asian M. sessilifolius has a close relationship to the WNA M. dentatus (Hong, 1983; . The DIVA analysis suggests that North America is also more important for the early diversification of Phryma and its sister group than Asia.
Two populations from southern Japan (EA11 from Kyoto and EA14 from Shikoku) and one from northeastern China (EA3) form a basal grade relative to the rest of the EA clade, whereas populations from SW China and central and eastern China each form derived clusters of populations, suggesting that Phryma diversified in NE Asia first and migrated to the west.
The phylogeographic and DIVA results, in combination with the divergence time of the intercontinental populations, suggest that the current disjunct distribution of Phryma may be best explained by migration from North America into EA through the Bering land bridge. During the mid to late Tertiary, the Bering land bridge was suitable for exchanges of temperate deciduous plants and remained available for floristic exchanges until about 3.5 mya (Wen, 1999) . Floristic migration via the North Atlantic land bridge was possible during the Paleocene and Eocene (Tiffney, 1985b) and was no longer viable by the middle Miocene (Parks and Wendel, 1990; Tiffney and Manchester, 2001) .
Plants of Phryma usually are found in moist deciduous, or sometimes mixed deciduous and evergreen forests in EA and ENA (Ramana et al., 1983) . Fossil evidence indicated that similar forests existed in WNA (Wolfe, 1975) . Ancestors of Phryma may have been distributed in WNA during the development of ''boreotropical flora,'' which reached the regions of high paleolatitudes in the northern hemisphere during the early Tertiary (Wolfe, 1972 (Wolfe, , 1975 . Palynological evidence from Alaska and northwestern Canada also suggested that thermophilic taxa were abundant in the high latitudes during the period of around 15 mya, and temperate taxa became more important elements after 7 mya associated with the global climatic cooling in the late Tertiary (White et al., 1997; Graham, 1999) . The disjunction in Phryma was estimated to be at least 3.68 6 2.25 to 5.23 6 1.37 mya. Thus, this estimate is consistent with a possible migration route through the Bering land bridge from North America to EA. The hooked persistent upper calyx lobes on Phryma fruits may have played an important role in facilitating the migration of Phryma to its present wide distribution and disjunction. Under this scenario, the ancestral diversity would have been greater in North America than in EA, but this is not reflected in current population differentiation. Extinction through much of its ancestral range due to continental glaciation, drying of the midcontinental region of North America, and mountain building in WNA, may explain the monophyly of populations in each geographic region obtained in our results.
Morphological differentiation and stasis-In our morphological analysis, 13 of the 23 characters were not significantly different (P ! 0.001) between the EA and ENA samples (Table  2) , including inflorescence length, number of flowers per inflorescence, number of teeth on the leaf margin, and stem pubescence. Ten quantitative characters were significantly different (P , 0.001) between the two intercontinental varieties. Five of the 10 characters are vegetative, including leaf length, width, number of teeth on the leaf margin per leaf length, and pubescence on leaf both upper and lower surface (Table 2) . Specimens from ENA usually have larger leaves (length: 11.28 6 2.82 vs. 8.54 6 2.31 cm; width: 5.90 6 1.62 vs. 4.25 6 1.22 cm) than those from EA. Five floral characters were shown to be statistically different ( Table 2 ). The upper sepals from EA Phryma are shorter than those from North America (1.82 6 0.36 vs. 2.22 6 0.34 mm at anthesis; 2.27 6 0.35 vs. 2.58 6 0.42 after anthensis). The upper lip of the corolla is subentire or emarginate in ENA plants (0.15 6 0.11 mm), but is always two-lobed and more deeply split in EA ones (0.38 6 0.13 mm). Thus, the characters that Hara (1962 Hara ( , 1966 mentioned as the major difference between plants from EA and ENA are also significantly different in our results, such as the leaf size, shape of upper lip of the corolla, and length of the upper spinulose calyx-lobes as discussed earlier. Nevertheless, most characters overlap significantly between the intercontinental populations. The great degree of morphological overlap led previous workers to emphasize the similarities among populations.
The principal component (Fig. 5 ) and cluster analyses (Fig.  6 ) based on morphological characters show that there is no clear geographic correlation with the morphological variation, in contrast to the molecular analyses (Fig. 1) . Within these broader geographic regions, samples from the same geographic region were not more similar to each other than those separated by greater distances. Morphological variation thus appears to not be significantly structured in our analysis. Although the morphological similarity between the two varieties of Phryma has been highlighted for a long time (Li, 1952; Thieret, 1972; Li, 2000) , the Old and New World populations were roughly separated into two groups in the PCA plots (Fig. 5) . The UPGMA dendrogram (Fig. 6 ) also shows that many samples from each continent grouped together, but there was no clear separation between the two varieties. It is intriguing that the two taxa are so similar morphologically in spite of their high degree of molecular divergence.
The discordance of the molecular and morphological rates of evolution may be explained by morphological stasis. Morphological stasis has been proposed for a few EA and ENA disjunct taxa (see the introduction). Some disjunct taxa are polyphyletic or paraphyletic, suggesting that the morphological similarities in these groups may be attributable to convergence or symplesiomorphies (Wen, 1999) . Among various possible explanations for stasis in morphology (Eldredge and Gould, 1972; Charlesworth et al., 1982; Williamson, 1987; Williams, 1992) , a relatively constant environment with the concomitant action of stabilizing selection, might be the most plausible. Disjunct species of herbaceous plants with relictual distributions in both EA and North America appear to exhibit stasis in ecological traits (Ricklefs and Latham, 1992) . The intercontinental populations of Phryma occupy similar habitats in rich mesic to moist, deciduous or mixed deciduous and evergreen forests in both ENA and EA (Thieret, 1972; Ramana et al., 1983; J. Wen, personal observation) . The similar habitats may have contributed to maintaining their morphological similarity (i.e., convergence) for a long period of time (Parks and Wendel, 1990; Hoey and Parks, 1991; Wen, 1999; Bond et al., 2001) .
